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ABSTRACT
This study examines the effect of the initial fabric on the coefficient of the lateral earth pressure
at rest K0, the undrained monotonic loading strength and the liquefaction resistance of a calcar-
eous sand from a reclamation land in Persian Gulf. K0 consolidation, undrained compression and
extension and cyclic undrained loading triaxial tests are performed on laboratory samples reconsti-
tuted by air and water pluviation, dry and moist tamping and dry funnel deposition methods. Test
results show that the air pluviation and moist tamping samples own the highest and the lowest
K0 respectively. All the samples at medium loose and medium dense states show strain hardening
when subjected to undrained monotonic loading. The air pluviation samples are more contractive
than the other samples at the phase transformation points and the moist tamping samples exhibit
an over-consolidated behavior. In the cyclic loading tests, the air pluviation and the moist tamping
samples exhibit the lowest and the highest liquefaction resistance. It is shown that the evaluation
and comparison of the cyclic undrained strength of various sands should take the sample prepar-
ation method into consideration scrupulously. The test results also indicate that although the
mechanical property of soil sample is influenced by the fabric differences induced by sample prep-
aration method, other factors such as homogeneity and stress history should not be neglected.
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1. Introduction
Initial fabric is an important factor affecting the stress strain
behavior of soil samples in laboratory tests. Different sample
reconstitution techniques cause a variation in the inherent
anisotropy, homogeneity as well as the initial stress state
(Yang, Li, and Yang 2008; Li et al. 2018; Shi et al. 2019).
Three techniques, namely pluviation, tamping and vibration,
have frequently been used in previous studies. It is well
accepted that the inherent anisotropy in the samples made
by air pluviation method is most pronounced (Yang, Li, and
Yang 2008; Ezaoui and Di Benedetto 2009; Escribano and
Nash 2015; Shi et al. 2019; Shi, Haegeman, and Cnudde
2020). Studies by Vaid, Sivathayalan, and Stedman (1999)
and Ghionna and Porcino (2006) proved that the water plu-
viation method produces a soil fabric which is closest to the
fabric of the undisturbed samples from the site. Although
Ladd (1978) proposed the undercompaction method to
achieve homogeneity within the samples made by moist
tamping, other studies showed that discontinuity between
layers and density non-uniformity can not be avoided (Frost
and Park 2003; Thomson and Wong 2008; Sadrekarimi and
Olson 2012; Flitti et al. 2019; Shi et al. 2019).
Regarding mechanical properties, it is shown that shear
strength and cyclic liquefaction resistance are highly affected
by sample preparation methods (Miura and Toki 1982;
Yamashita and Toki 1993; Vaid, Sivathayalan, and Stedman
1999; Ghionna and Porcino 2006; Yimsiri and Soga 2010;
Chang, Heymann, and Clayton 2011; Benahmed, Canou,
and Dupla 2015; Mahmoudi et al. 2018; Kwan and Mohtar
2018; Li et al. 2018; Flitti et al. 2019; Wichtmann, Steller,
and Triantafyllidis 2020). Miura and Toki (1982) showed
that air pluviation samples are more contractive than sam-
ples made by dry and moist tamping in triaxial extension
tests under both drained and undrained conditions and an
inverse finding was observed in compression tests. Studies,
such as Vaid, Sivathayalan, and Stedman (1999), Chang,
Heymann, and Clayton (2011), Benahmed, Canou, and
Dupla (2015) and Flitti et al. (2019) concluded that for loose
sand samples, moist tamping results in higher strain soften-
ing or less dilative behavior compared with pluviation tech-
nique due to the honeycomb structure formed by the
existence of capillary force. For cyclic liquefaction resistance,
it is shown that air pluviation and moist tamping always
produce samples with the lowest and the highest cyclic
strength respectively (Miura and Toki 1982; Tatsuoka et al.
1986; Sze and Yang 2014). Also, Ghionna and Porcino
(2006) reported that air pluviation samples underestimate
the cyclic undrained strength compared with undisturbed
samples. These mechanical features are related to fabric
anisotropy and the change of principle stress directions dur-
ing cyclic loading, as explained by Yimsiri and Soga (2010)
and Sze and Yang (2014). The effective consolidation
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pressure has a significant impact on the drained and
undrained strength of sands. It is shown that the peak angle
of shearing resistance, dilation and static liquefaction resist-
ance decrease with the increase of confining pressure
(Fukushima and Tatsuoka 1984; Hyodo et al. 2002; Alim,
Suzuki, and Iwashita 2006; Mahmoudi et al. 2018; Rabbi,
Rahman, and Cameron 2018). For cyclic undrained strength,
conclusions indicating that increasing the consolidation
pressure reduces the cyclic strength of sands are given by
Castro and Poulos (1977), Hyodo et al. (2002), Salem,
Elmamlouk, and Agaiby (2013) and Shahnazari et al. (2016).
However, some studies give contradictory results. For
example, Ma, Chen, and Wu (2019) showed that for a cal-
careous coral sand, the liquefaction resistance decreases with
the increase of the effective confining pressure.
The coefficient of lateral earth pressure at rest K0 is an
important mechanical parameter for geotechnical engineer-
ing. It can be represented by a function of some variables,
such as internal friction angle, overconsolidation ratio, hori-
zontal stress index of the flat plate dilatometer test and cone
penetration test tip resistance (Brooker and Ireland 1965;
Michalowski 2005; Hossain and Andrus 2016). Studies
proved that soils under K0 consolidation show differences in
undrained strength from that under isotropic consolidation
and small strain shear modulus can be expressed as a func-
tion of K0 (Fourie and Tshabalala 2005; Gu et al. 2018;
Rabbi, Rahman, and Cameron 2018). What’s more, the coef-
ficient of lateral earth pressure at rest K0, is proved to be in
close correlation with the sample preparation method (Chu
and Gan 2004; Northcutt and Wijewickreme 2013).
Northcutt and Wijewickreme (2013) showed that air pluvia-
tion and moist tamping produce the highest and the lowest
K0 compared with the vibration method and they attributed
the various K0 to the differences in fabric anisotropy. Chu
and Gan (2004) showed a linear relationship between K0
and relative density of the moist tamping samples and it is
inferred that the K0 of the moist tamping sample is lower
than that of the water pluviation sample in which the linear
relationship is not obtained.
Although the effect of sample preparation (SPM) on the
mechanical properties is studied extensively, research con-
ducted on calcareous sands is limited. Compared with silica
sands, calcareous sands have different porosity-structure and
the dry/wetting preparation may lead to the change of intra-
structure and fabric. As described by Shi, Haegeman, and
Cnudde (2020), calcareous sands always own more flat grain
shape than silica sands, resulting in higher fabric anisotropy
especially for the samples made by air pluviation method. Van
Impe et al. (2015) found the correlation between the labora-
tory test results and the in situ data of an off-shore land
reclaimed with a calcareous sand is weak. One possible reason
they proposed is the differences in the process of depositing
soil materials and densification methods. Therefore, in this
study, to figure out the effect of SPM on the soil behavior, five
methods such as air and water pluviation, dry and moist
tamping and dry funnel deposition are used. The calcareous
sands from the reclamation site in Van Impe et al. (2015) are
used to reconstitute laboratory samples. The effects of SPM
on the coefficient of lateral earth pressure at rest K0 and the
static undrained strength are examined. A series of cyclic
undrained triaxial tests are conducted to study the liquefac-
tion resistance of the calcareous sand. The differences in cyclic
undrained strength, induced by SPM, are discussed. Finally,
the effect of confining pressure on the cyclic undrained
strength of this calcareous sand is investigated.
2. Test materials
The calcareous sand tested in this study, named S1 sand,
originates from a reclamation site in the Persian Gulf. Its
grain morphology is shown in Figure 1. The particle size
gradations of the S1 sand and other typical sands used as
references are listed in Figure 2 (Hyodo, 1998; LaVielle
2008; Pando, Sandoval, and Catano 2012; Salem,
Elmamlouk, and Agaiby 2013; Giretti et al. 2018). The phys-
ical properties of these sands are listed in Table 1.
3. Test program
Air and water pluviation, dry and moist tamping and dry
funnel deposition are used in this study to reconstitute the
Figure 1. Grain morphology of S1 sands.
Figure 2. Particle size gradation of S1 and other reference sands.
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sand samples. The air pluviation is carried out with a pluvia-
tor containing a funnel and five-layer sieves. The density of
the samples is mainly controlled by the opening size of the
funnel and the effect of drop height is insignificant (Shi,
Haegeman, and Cnudde 2020). A smaller pluviator without
sand collector is used in the water pluviation method. The
mass of the sands and the sample height are predetermined.
The target density is reached by tapping the mold side with
a rubber hammer lightly and peripherally since the initial
deposition density in the water pluviation sample is very
loose. The two pluviators are shown in Figure 3 and other
details can be found in Shi et al. (2019) and Shi, Haegeman,
and Cnudde (2020). Sands are tamped in 5 and 10 layers for
the dry and moist tamping methods respectively. The moist
sands are prepared by mixing dry soil with 5% water by
mass at least 24 hours ahead of making the samples. For
achieving a homogeneous compaction, the under-compac-
tion technique proposed by Ladd (1978) is used for both
methods. The dry funnel deposition method is carried out
by depositing sands with a long neck funnel and keeping
the dropping height almost zero to the sample surface. The
initial loose samples are densified by tapping the mold,
which is the same as the densification for the water pluvia-
tion samples.
In order to evaluate the effect of sample preparation on
the static undrained strength of S1 sand, monotonic loading
tests including undrained compression and extension tests
under isotropic consolidation are performed. The K0 is
determined with a radial local strain transducer which works
with the stress path cell to keep the horizontal displacement
constant until the cell pressure reaches a preset value
(Piriyakul and Haegeman 2005). All the samples are pre-
pared with 50mm in diameter and 95mm in height and at
relative densities of 40 ± 2% and 60 ± 2%. Carbon dioxide,
deaired water and back pressure of 500 kPa are used in suc-
cession to saturate the samples without difficulty due to the
high permeability of S1 sands. The time for flushing carbon
dioxide and deaired water is around half hour for all the
samples. The time of keeping the back pressure is two hours
for the water pluviation sample due to the absence of carbon
dioxide, which is longer than half hour for the other sam-
ples. After saturation, samples are consolidated to the target
effective pressures. The monotonic loading rate is set as
0.1mm/min for both the compression and extension tests.
For the cyclic loading tests, the sample size and saturation
steps are kept the same as in the static loading tests however
only samples at 60 ± 2% relative density are prepared. The
ratio of cyclic shear stress to the initial effective confining
pressure is defined as the Cyclic Stress Ratio (CSR). The
samples made by the moist tamping method are loaded with
cyclic stress ratios of 0.2, 0.25 and 0.3. For the other sam-
ples, cyclic stress ratios of 0.15, 0.2 and 0.25 are used. In
this study, a sine wave cyclic loading is applied to the sam-
ples with a frequency of 0.5Hz. The test program is sum-
marized in Table 2. The repeatability of all the tests is
insured by conducting every test at least two times.
4. Test results
4.1. K0 consolidation
The K0 consolidation tests are performed on the S1 sand
samples in a stress path controlled triaxial cell with radial
small strain measurement. The typical development of K0
against the effective axial stress at different relative densities
for the five preparation methods is plotted in Figure 4. It is
seen that K0 decreases gradually from 1 at an isotropic
effective consolidation stress of 20 kPa and becomes more or
less stable after the effective axial stress exceeds 400 kPa
except for the moist tamping samples. For the moist tamp-
ing samples, the yield points, as reported by Leroueil and
Vaughan (1990) and Chu and Gan (2004), are also observed
in this study. It is deemed that the tamping effort in the
moist tamping method results in the generation of force
chains in the samples so the soil structure is stronger than
that in the samples made by the other methods. Therefore,
during K0 consolidation, higher stresses are required for
breaking the soil structure. This is also confirmed by the
lower stresses of the yield points for the samples at lower
densities. The increase of K0 after the yield points is ascribed
to the gradual degradation process of the soil structure, as
explained by Chu and Gan (2004).
To investigate the effect of the sample preparation method,
K0 is plotted against the relative densities in Figure 5. K0 is
determined when the curve approaches flat at the end of each
test. Chu and Gan (2004) showed that the relationship
between K0 and density is unclear for a silica sand sample pre-
pared by water pluviation method. However, for S1 sands in
Table 1. Physical properties of S1 sand and other reference sands.
Properties
Calcareous sands Silica sand
S1 (This study)
Dogs Bay (Hyodd,
Hyde, and
Aramaki 1998)
Playa Santa (La
Vielle 2008)
Cabo Rojo
(Pando, Sandoval,
and Catano 2012)
Dabba (Salem,
Elmamlouk, and
Agaiby 2013)
M1 (Giretti
et al. 2018)
Toyoura (Hyodd,
Hyde, and
Aramaki 1998)
Specific
Gravity, Gs
2.81 2.72 2.75 2.84 2.79 2.812 2.645
D10: mm 0.19 0.15 0.16 0.24 0.15 0.085 0.18
D30: mm 0.39 0.16 0.27 0.3 0.23 0.19 0.2
D50: mm 0.60 0.21 0.41 0.37 0.30 0.34 0.22
D60: mm 0.74 0.28 0.44 0.41 0.35 0.474 0.23
Cu 3.89 1.92 2.75 1.75 2.40 5.6 1.28
Maximum void
ratio, emax
1.19 2.45 1.22 2.07 1.04 0.95 0.97
Minimum void
ratio, emin
0.73 1.621 0.80 1.51 0.753 0.54 0.635
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this study, K0 increases with the decrease of relative density
for all samples. Northcutt and Wijewickreme (2013) reported
that the sample preparation method affects the coefficient of
the lateral earth pressure at rest and that the air pluviation
sample shows higher K0 than the vibration and the moist
tamping samples. A similar conclusion is also found in this
study. From Figure 5, it is seen that the air pluviation and the
moist tamping methods show the highest and the lowest K0
trend lines respectively compared with the other three meth-
ods. The overall K0 the dry funnel deposition and water pluvi-
ation samples show insignificant differences but lower trend
lines than in the dry tamping samples. It is also found that at
higher densities, the effect of the sample preparation method
becomes more pronounced.
4.2. Monotonic loading tests
A series of undrained triaxial compression and extension
tests are performed to study the effect of the sample prepar-
ation method on the static undrained strength of S1 sand
samples. Tests are conducted under the isotropic consolida-
tion pressures of 100 kPa, 300 kPa and 500 kPa. The
Figure 3. Pluviation techniques: (a) air pluviation; (b) water pluviation.
Table 2. Test program.
Series Test type Sample preparation method
Target effective
consolidation pressure (kPa) Relative densities (%) Cyclic stress ratio
I K0 Air pluviation 300 43, 45, 58, 59, 70,70 –
Water pluviation 300 40, 40, 60, 61, 72, 73 –
Dry tamping 300 37, 40, 60, 60, 73, 74 –
Moist tamping 600 21, 21, 41, 42, 58, 60 –
Dry funnel deposition 300 39, 43, 59, 60, 71, 70 –
II Static undrained compression Air pluviation 100,300,500 40 ± 2, 60 ± 2 –
Water pluviation 40 ± 2, 60 ± 2 –
Dry tamping 40 ± 2, 60 ± 2 –
Moist tamping 40 ± 2, 60 ± 2 –
Dry funnel deposition 40 ± 2, 60 ± 2 –
III Static undrained extension Air pluviation 100,300,500 40 ± 2, 60 ± 2 –
Water pluviation 40 ± 2, 60 ± 2 –
Dry tamping 40 ± 2, 60 ± 2 –
Moist tamping 40 ± 2, 60 ± 2 –
Dry funnel deposition 40 ± 2, 60 ± 2 –
IV Cyclic undrained loading Air pluviation 100, 300, 500 60 ± 2 0.15, 0.2, 0.25
Water pluviation 100
Dry tamping
Dry funnel deposition
Moist tamping 0.2, 0.25, 0.3
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contractive and dilative behavior of the different samples
are compared.
Figures 6 and 7 show the typical trends of the effective
stress path and excess pore water pressure of the samples at
initial relative densities of 40 ± 2% and 60 ± 2%. The com-
pression and extension test results are plotted in the same
figures and it is seen that no strain softening occurs for all
the samples. The effective stress path experiences an initial
contraction phase, then dilates after passing the phase
transformation points. The excess pore water pressure
increases to a peak value at around 2% axial strain in the
contractive stage then decreases continuously in the dilation
phase. The phase transformation point mentioned above
was first introduced by Ishihara, Tatsuoka, and Yasuda
(1975), which was also reported by Hyodd, Hyde, and
Aramaki (1998) and Salem, Elmamlouk, and Agaiby (2013)
to investigate the liquefaction relationship between mono-
tonic and cyclic triaxial tests. In this study, the steady states
Figure 4. K0 versus the effective axial stress for samples prepared by different methods: (a) air pluviation; (b) dry funnel deposition; (c) dry tamping; (d) water
pluviation; (e) moist tamping.
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at the end of the loading stage on the compression side
always require very high axial strain, which is less realistic
in the practical application as reported by Porcino, Caridi,
and Ghionna (2008) and not considered. The like-contract-
ive behavior at the large strain in some extension tests, for
example dry tamping sample at 40% relative density under
500 kPa, is caused by sample necking.
In this study, the comparison of the effect of SPM is only
carried out on samples at around 40% and 60% relative den-
sities due to the typical density range of the air pluviation
samples, as introduced by Shi, Haegeman, and Cnudde
(2020). Figures 6 and 7 show that the samples prepared by
different methods exhibit slight differences in the undrained
strength. It is seen that for most of the monotonic loading
tests, the air pluviation samples exhibit slightly more con-
traction in the contractive stages, resulting in the lowest p’
and the highest peak excess water pressure when the phase
transformation points are reached. The moist tamping sam-
ples behave less contractively in the initial stage compared
with other samples, but the difference is reduced at higher
confining pressure and even vanishes at 500 kPa for the
extension test on the sample at 40% relative density.Figure 5. Effect of sample preparation methods on K0 of S1 sands.
Figure 6. Effective stress path and excess pore water pressure versus axial strain at 40 ± 2% relative densities under different effective confining pressures: (a) (b)
100 kPa; (c) (d) 300 kPa; (e) (f) 500 kPa.
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The effect of density on the undrained behavior of the S1
sands is shown in Figures 8 and 9. It can be seen that except
for the moist tamping samples, the impact of density on the
compression side is insignificant at the initial contractive
stage and becomes more pronounced with the increasing of
the axial strain, which is the same as the finding of Flitti
et al. (2019). On the extension side, the effect of density can
be found from the initial stage except for the dry funnel
deposition samples, behaving as less contractive and more
dilative before and after the transformation point when the
density is increased. The different undrained behavior in
extension tests can be explained from the strength anisot-
ropy. Many studies showed that the strength of granular
soils is lowest when the principal stress is parallel to the dir-
ection of bedding plane (Fu and Dafalias 2011; Sze and
Yang 2014; Tong et al. 2014). The principle stress is hori-
zontal in the triaxial extension tests of this study. Shi,
Haegeman, and Cnudde (2020) showed that the calcareous
sand samples prefer having horizontal bedding planes and
the fabric of the dry funnel deposition sample is the most
isotropic among the five samples. Therefore, the different
undrained strength behaviors on the compression and exten-
sion sides can be explained and the insignificant difference
in the dry funnel deposition samples can be understood.
For the moist tamping samples at the effective confining
pressures of 300 kPa and 500 kPa, the differences induced by
the density, behaving more contractively at the phase trans-
formation points, are much more pronounced compared
with the samples made in the other four methods, as shown
in Figure 8(e). Studies showed that the undrained strength
of a moist tamping sample highly depends on density
(Miura and Toki 1982; Vaid, Sivathayalan, and Stedman
1999; Murthy et al. 2007; Chang, Heymann, and Clayton
2011; Benahmed, Canou, and Dupla 2015; Flitti et al. 2019).
For loose sand, because of the honeycomb structure
described by Casagrande (1975), the moist tamping sample
Figure 7. Effective stress path and excess pore water pressure versus axial strain at 60 ± 2% relative densities under different effective confining pressures: (a) (b)
100 kPa; (c) (d) 300 kPa; (e) (f) 500 kPa.
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behaves more contractively than the samples prepared with
dry sand. With the increase of the sample density, the fragile
structure is destroyed by the tamping effort and the sample
behaves as in an over-consolidated state. The moist tamping
sample becomes stronger compared with other samples due
to the input energy resulting from the tamping effort. When
the sample is loaded under high stress conditions, the effect
of the pre-loading induced by tamping is reduced. For
example, in this study, the tamping effort for the samples at
around 40% relative density is reduced hugely compared
with that in the samples of 60% relative density.
Figure 10 shows the phase transformation points taken
from all the tests. The phase transformation lines are plot-
ted. Although the slight differences in the contractive stages
are observed in Figures 6 and 7, it is seen that the effect of
the SPM on the localization of the phase transformation line
is negligible, which is consistent with the conclusions of
Vaid, Sivathayalan, and Stedman (1999) and Flitti
et al. (2019).
4.3. Cyclic loading tests
A series of cyclic triaxial loading tests are performed to inves-
tigate the effect of the sample preparation method and confin-
ing pressure on the liquefaction resistance of the S1 sand.
Figures 11, 13 and 14 show the typical responses of pore water
pressure, axial strain and effective stress path of the medium
dense S1 sand samples made by the air and water pluviation,
dry and moist tamping and dry funnel deposition methods
and subjected to cyclic loading with CSR ¼ 0.25. The develop-
ment of the pore water pressure is expressed as ru which is the
ratio of the excess pore water pressure on the initial confining
pressure. Normally, the failure criterion of a soil sample in a
cyclic undrained loading test is either reaching zero effective
pressure or 5% axial strain of double amplitudes. In this study,
the zero effective confining pressure is reached ahead of the
axial strain development of 5%. With the start of the cyclic
loading, the excess pore water pressure increases and reaches
the effective confining pressure where ru¼1. Then, liquefac-
tion happens and samples fail.
Figure 8. Effective stress path of samples at different densities.
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Figure 9. Excess pore water pressure versus axial strain of samples at different densities.
Figure 10. Phase transformation Lines of the undrained compression and extension tests.
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To study factors affecting the pore water responses during
cyclic loading, ru is plotted versus the number of loading cycles
N normalized by the liquefaction cycle (Nf) for all the tests con-
ducted under the effective confining pressure of 100 kPa, as
shown in Figure 12. The development of the excess pore water
pressure shows some differences among these samples. For
example, for the moist tamping sample, the development of the
pore water pressure can be divided into three phases, as seen in
Figure 11(e). At the start of the loading, the pore water pressure
experiences a sharp increase. Then, in the second stage, the
development of the pore water pressure slows down and ru
gradually increases in a linear manner. Finally, the increment
of the excess pore water pressure accelerates significantly until
ru¼1 is reached. Based on the description of Sze and Yang
(2014) and Castro (1975), although differences are observed
between samples in this study, it is recognized that the pore
water pressure responses exhibited by the five samples still
belong to the cyclic mobility pattern. From Figure 12, it is seen
that the excess pore water pressure generation line is affected
by both CSR and Nf. When samples are loaded at the same
CSR, the segmented development of the excess pore water pres-
sure becomes more conspicuous with the increase of Nf.
Figure 11. Developing of excess pore water pressure ratio of the samples made by the five methods under cyclic undrained loading with CSR ¼ 0.25.
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Figure 13 shows the axial strain development in the sam-
ples prepared by the five methods. It is seen that most of
the axial strains happen on the extension side for all the
samples. Similar observations are also reported by Hyodo
(1998), Sharma and Ismail (2006) and Salem, Elmamlouk,
and Agaiby (2013) from the triaxial tests on several calcar-
eous soils. The asymmetric axial strain pattern in this study
illustrates that S1 sand shows marked anisotropic response
under the symmetric cyclic loading. This is also consistent
with the results obtained from the static undrained tests
where the extension strength is lower than the compres-
sion strength.
Figure 14 shows the effective stress path of the samples.
The phase transformation lines (PTL) on both compression
and extension sides, taken from the monotonic loading tests,
are plotted as a reference. It is seen that the PTL corre-
sponds well with the effective stress path for the five sam-
ples. Studies, such as Salem, Elmamlouk, and Agaiby (2013)
and Hyodo (1998), reported that the liquefaction always
occurs after the effective stress path touches the PTL. It is
also observed that the inclination angle of the stress path on
the extension side at failure is lower than that on the com-
pression side, proving that the strength anisotropy is signifi-
cant for the cyclic loading pattern as well.
Liquefaction resistance
The effect of the sample preparation method on the lique-
faction resistance can be found in Figure 15. It is seen that
the liquefaction susceptibility is highly affected by the sam-
ple preparation method. The moist tamping sample shows
the highest liquefaction resistance. The weakest sample is
prepared by the air pluviation method. At the CSR of 0.25,
the samples made in water pluviation, dry tamping and dry
funnel deposition methods show almost identical liquefac-
tion resistance. However, with the decrease of the cyclic
deviatoric stress, differences are observed and the dry funnel
deposition samples show a higher liquefaction resistance
than the other two samples. The higher and lower cyclic
loading strength exhibited respectively by the moist tamping
and air pluviation samples was also reported by Tatsuoka
et al. (1986) and Sze and Yang (2014) from cyclic triaxial
tests on silica sands. They attributed the differences in lique-
faction resistance to the fabric anisotropy and the major
principle stress rotation in the cyclic triaxial loading tests.
From Figure 15, it is also seen that the number of liquefac-
tion cycles of S1 sand falls in the typical ranges of the cyclic
strength of calcareous sands reported in literature except for
the samples made by the moist tamping methods.
Comparison is only carried out on the samples made by the
Figure 12. Excess pore water pressure lines of all cyclic undrained tests.
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same methods and at similar relative densities. For the air
pluviation method, it is seen that M1 sand shows almost
identical liquefaction resistance with S1 sand. The water plu-
viation samples of Dogs Bay sand have lower cyclic
undrained strength than S1 sand. Compared with the sam-
ples made by moist tamping method at similar relative den-
sities, S1 sand has higher liquefaction resistance than Cabo
Rojo sand and Playa Santa sand.
In order to study the effect of the effective confining
pressure on the liquefaction resistance of S1 sands, tests
under 100 kPa, 300 kPa and 500 kPa confining pressure are
performed. The number of cycles causing liquefaction is
plotted versus CSR (0.15, 0.2 and 0.25) in Figure 16. All
samples are prepared by the air pluviation method to
exclude the effect of SPM. It is seen that with the increase
of the confining pressure, the Nf vs CSR fitting lines move
Figure 13. Development of axial strain under cyclic undrained loading with CSR ¼ 0.25.
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to the left so the liquefaction resistance decreases. This veri-
fies the findings of Castro and Poulos (1977), Hyodo et al.
(2002), Salem, Elmamlouk, and Agaiby (2013) and
Shahnazari et al. (2016) that sands subjected to high confin-
ing pressure are susceptible to failure are applicable to the
calcareous sands used in this study.
The crushability of S1 sands is examined by conducting
sieving analysis on the sands collected after tests. No signifi-
cant particle breakage is found for the sands in the cyclic
loading tests, nor in the K0 consolidation and the monotonic
loading tests.
4.4. Discussion on the effect of sample preparation method
The test results discussed above reveal that the sample prep-
aration method plays an important role in the mechanical
behavior of S1 sand. Shi et al. (2019) and Shi, Haegeman,
and Cnudde (2020) investigated small strain stiffness anisot-
ropy and the microstructure of the S1 sand samples made
by the five methods used in this study. They found that the
stiffness and fabric anisotropy induced by the five methods
can be ordered as: air pluviation>water pluviation> dry
tamping>moist tamping> dry funnel deposition. The fabric
Figure 14. Effective stress path under cyclic undrained loading with CSR ¼ 0.25.
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anisotropy is quantified by measuring the angle between the
long axis of grains and the horizontal plane. Shi et al. (2019)
also investigated the homogeneity of the samples made by
the five methods and they found that the moist tamping
and air pluviation samples are more homogeneous than the
samples made in the other three methods. Zeng and Ni
(1999) conducted a series of bender element tests on sands
in an oedometer with K0 measurement. They reported that
under one dimensional consolidation, K0 increases with the
raising of the stiffness anisotropy. Looking back to the tests
results in this study, in K0 tests, the highest and the lowest
K0 corresponds well with the highest and the lowest stiffness
anisotropy of the air pluviation and the moist tamping sam-
ples concluded by Shi, Haegeman, and Cnudde (2020).
However, Shi, Haegeman, and Cnudde (2020) showed that
the fabric anisotropy of the water pluviation sample is lower
than the air pluviation sample and higher than the other
methods. The possible explanation for the lower K0 of the
water pluviation and the dry funnel deposition samples can
be the inhomogeneous radial deformation along the height
since Shi et al. (2019) showed that the porosity of the S1
sand sample made by the water pluviation method increases
from the top to the bottom and an opposite finding is
observed in the dry funnel deposition sample. The inhomo-
geneity in the water pluviation sample is mainly due to the
grain segregation for the well graded sands during deposit-
ing in water, as explained in Shi et al. (2019). In addition,
the differences in the fabric anisotropy of the samples made
by the water pluviation, dry tamping and dry funnel depos-
ition is not that large compared with the prominently higher
values given by the air pluviation sample (Shi, Haegeman,
and Cnudde 2020). Therefore, the influence of the fabric
anisotropy on the stress strain behavior can be covered by
the other factors, such as the anisotropic stress state, the
stress history and the specimen inhomogeneity. For example,
Shi, Haegeman, and Cnudde (2020) showed that although
the fabric of the moist tamping sample is not the least
anisotropic, it always shows the lowest stiffness anisotropy
due to the vertical force chains resulted from the tamping
effort. Similarly, in this study, the differences in the
undrained strength of the water pluviation, dry tamping and
dry funnel deposition samples in the monotonic loading
tests are not significant but can be distinguished from the
behavior of the air pluviation and the moist tamping sam-
ples. In the cyclic loading tests with CSR ¼ 0.25, the lique-
faction resistance of the water pluviation, dry tamping and
dry funnel deposition samples is almost identical, meaning
that the fabric differences among the three samples give neg-
ligible influence on the soil behavior under these deviatoric
stress levels.
Sze and Yang (2014) explained the difference in the
liquefaction resistance induced by fabric anisotropy: when
the major principal stress becomes parallel with the prefer-
ential orientation of the particles, the sample is more com-
pressible. Combined with the fabric analysis of Shi,
Haegeman, and Cnudde (2020), the lowest liquefaction
resistance of the air pluviation sample can be understood.
However, it is seen from Figure 15 that the dry funnel
deposition samples show the second weakest strength
although its fabric is the most isotropic among the five sam-
ples. Yamamuro and Wood (2004) showed that the low
energy input in the dry funnel deposition method results in
the unstable grain contacts for silty sands. Shi, Haegeman,
and Cnudde (2020) reported that the small strain stiffness of
the dry funnel deposition samples is always lower than the
Figure 15. CSR versus liquefaction cycles for the S1 sand samples and the references from literature.
Figure 16. Effect of confining pressure on the liquefaction resistance of
S1 sands.
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samples made by the other methods. From this view, the
relatively lower liquefaction resistance of the dry funnel
deposition sample can be explained. It is deemed that the
unstable contacts are more fragile under stress reversion
conditions in the cyclic loading tests since in the monotonic
loading tests, the significantly lower strength is not found in
the dry funnel deposition samples. The highest liquefaction
resistance of the moist tamping samples is partly due to the
lower fabric anisotropy. On the other hand, based on the
explanation of the yield point in the moist tamping sample
for K0 tests, it is deemed that the deviatoric stresses in the
cyclic loading tests are lower than the required stress to des-
troy the sample structure efficiently.
5. Conclusions
In this study, a series of laboratory tests are conducted to
investigate the effect of the sample preparation method on
the mechanical properties of S1 calcareous sand. Air and
water pluviation, dry and moist tamping and dry funnel
deposition are used for making the samples. The lateral
earth stress ratio at rest K0, the undrained compression and
extension strength and the liquefaction resistance are studied
via the K0 consolidation, monotonic and cyclic undrained
triaxial tests. It is found that the sample preparation method
introduces significant differences in these mechanical prop-
erties and the major findings are summarized as follows:
1. K0 is highly affected by the sample preparation method.
The air pluviation and moist tamping samples show the
highest and the lowest K0 respectively. The dry funnel
deposition and water pluviation samples show almost
identical K0 lower than that of the dry tamping sample.
The yield points of K0 are found when testing moist
tamping samples. K0 decreases with the increase of rela-
tive density.
2. For the undrained monotonic loading tests, all S1 sand
samples in this study show strain hardening behavior.
Except for the moist tamping samples, samples exhibit
initial contraction stages in which the air pluviation
samples behave the most contractively. The initial con-
tractive behavior of the moist tamping samples only
becomes more apparent with the increase of the effect-
ive confining pressures. The effect of density on the
undrained strength of S1 sand is only pronounced in
the extension tests for the air pluviation, water pluvia-
tion and dry tamping samples. The phase transform-
ation lines are not affected by the sample preparation
method for S1 sands.
3. The air pluviation and the moist tamping samples show
the lowest and the highest liquefaction resistance in the
cyclic undrained triaxial tests. The strength of the water
pluviation and the dry tamping samples is similar and
higher than that of the dry funnel deposition samples.
The excess pore water pressure generation is affected by
the CSR and the number of cycles causing liquefaction
Nf. For the medium dense S1 sand samples used in this
study, the liquefaction resistance decreases with the
increase of the confining pressures.
4. The differences in the mechanical behavior of S1 sand
samples can be partly explained from the fabric anisot-
ropy induced by the sample preparation method. Other
factors, such as homogeneity and stress history, should
not be neglected and may influence the soil behavior
greatly when the fabric discrepancy is low.
Notations
K0 coefficient of the lateral earth pressure at rest
D10 10% of the soil particles are finer than this size
D30 30% of the soil particles are finer than this size
D50 mean grain size diameter
D60 60% of the soil particles are finer than this size
Cu uniformity coefficient
Gs specific gravity
emax maximum void ratio
emin minimum void ratio
Dr relative density
ru the ratio of the excess pore water pressure on the initial
effective confining pressure
N the liquefaction cycle
CSR cyclic stress ratio
SPM sample preparation method
PTL phase transformation line
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